The organic salt (5-methyl-1-thia-5-azacyclo-octane-1-oxide) perchlorate (TACO) is known to undergo a single crystal to single crystal phase transition in the 276-298 K T range without change in the external shape of the sample. Despite extensive computational and experimental investigations, no safe conclusions about the transition mechanism could be drawn to now. The two packing patterns are very similar and symmetry is conserved, apart an interchange of cell axes from P2 1 /c (-TACO, low- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 3
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Synopsis TOC: The energy decomposition analysis reveals that the elusive  phase transition of TACO should imply a fast rotation of both anions and cations, coupled to a slow boat-chair  chairboat interconversion of the 8-membred ring.
Introduction
Solid-state phase transitions in organic crystals are elusive phenomena occurring over a wide range of conditions and mechanisms, as discussed for example in a recent perspective article 1 and elsewhere. [2] [3] [4] In some cases the transition occurs without a visible disruption of the mother phase and by an, at least apparently, smooth evolution into the daughter phase. Quite often, and reasonably, preservation of crystalline habit is just apparent and the true mechanism involves an intermediate liquid or liquid-like phase which then re-nucleates into the daughter phase. Analytical methods are several; NMR and IR spectroscopy, 5 thermochemical analysis 6 and above all, X-ray diffraction, 7,8 are common experimental tools for the investigation of transition mechanisms. Simple visual inspection by using a hot-stage microscope is often helpful. 9, 10 Anyway, cases in which a clear-cut transition path emerges, at a molecular level, are so sparse as to be considered almost chemical curiosities.
We choose for the present case study a particularly puzzling instance that is the evolution of the organic salt (5-methyl-1-thia-5-azacyclo-octane-1-oxide) perchlorate, briefly TACO ( Figure 1 ).
Though we are not aware of practical uses or potential applications of this system in materials science or chemistry, it poses problems of fundamental interest in the theory of solid-solid phase transitions. It was first studied by Paul and Go, 11 revealing two inter-convertible crystal structures, the , low-T phase and the , high-T phase. An apparently single crystal-to-single crystal, reversible transition occurs in the 276-298 K range without change in external shape of the sample. In the β-phase, the a axis is doubled and the c axis is halved, without space group change except for an interchange of axes, easiest seen as a change from P2 1 /c to P2 1 /a. Later, Paul et al. 12 and Novotny-Bregger 13 carried out further crystallographic, calorimetric and spectroscopic studies on the transition. Single crystal X-ray diffraction was carried out for  at six temperatures in the range 175 to 288 K and for  at 298, 290, 288 K, and at 193 K after quenching, but results in the phase transition temperature range were inconclusive. 13 The boat-chair (BC) form of the ring and intramolecular geometries are constant over temperature and phase change. Thermal parameters of perchlorate oxygens are large, especially in the high-T phase, suggesting some rotational freedom, a common feature in crystals with globular inorganic anions. 14 The transition energy was estimated by thermal analysis at 2.5 kJ mol -1 , which implies an estimated S = H/T of about 8 J K -1 mol -1 if it is assumed that the transition is a homogeneous process. Inspection of packing diagrams for the two phases shows striking similarities along with subtle differences, but, in spite of extensive investigation, no clues about the existence or nature of a stable transition state were found, and no firm conclusions about the molecular transition mechanism could be drawn. Yet, a general consensus exists [11] [12] [13] on the fact that the process should imply a rather easy flip of the azacyclo-octane system between two equivalent boat-chair conformations (Figure 1a) , somehow coupled to a supposedly much more difficult, ~ 180º wide rotation of the whole cation. Therefore, TACO somehow escapes classical topochemical postulates, which state that solid-state reactions, including structural phase transitions, should proceed with a minimum of atomic and molecular motions. (riferimento?) Possible alternative mechanisms were proposed: Parkinson et al. 15 suggested that the transition could imply a recursive motion of partial dislocations on the (201) (or (102)) crystallographic planes, coupled with an allegedly fast switch between the equivalent boat-chair conformations. Recently, however, Dunitz 1 pointed out that evidence is lacking that a cooperative shear of alternate planes can occur in ionic crystals. Moreover, it still remains to be proved that the ring flip of TACO is truly not hampered by substantial kinetic barriers.
Theoretical investigations of phase transitions may use packing geometry analysis and static calculations of lattice energies for the involved polymorphic phases, 16, 17 or more complex approaches up to a fully dynamic, temperature-dependent simulation of the process. For organic materials, geometrical packing analysis is elusive, while lattice energy differences between polymorphs are invariably within the limits of accuracy of the theoretical approach, and give no clue as to entropy differences. Dynamic simulation is computationally demanding and can be confidently applied to simple systems for which an exhaustive optimization of the force field has previously been carried 6 out. 18 We propose here an intermediate approach in which the crystal packing of the two phases is analyzed by means of pairwise molecule-molecule cohesion energy contributions, evaluated by the handy and inexpensive PIXEL scheme, which has been shown to give results of comparable accuracy to quantum chemical methods. 19 As an added bonus, the method allows an energy partitioning into Coulomb-polarization and dispersion terms, which help clarify structures and mechanisms. 20 This comes as close to the molecular transition level as can be in a non-dynamic approach, revealing the relationships between the local checkerboard of interactions that sustain the transition. Our analysis reveals that, at variance with the usually accepted assumptions, the rotational motion of the cations is not hampered by substantial energetic barriers. On the contrary, our simulations predict that ring flipping acts as a rate determining step, as the pseudorotatory path from any starting boat-chair (BC) to any intermediate crown (CR) conformation implies a kinetic barrier of ~ 45 kJ·mol -1 . Possible molecular level mechanisms for the phase transition are discussed.
Methods
Experimental crystal structures of TACO at T = 175, 258, 278, 288 K (phase ) and at T = 193, 288 and 298 K (phase ) were retrieved from the Cambridge Structural Database. 21 C−H bond lengths were renormalized to the usual neutron-derived estimate 22 of 1.08 Å through the Retcif module of the CLP/PIXEL program package. 23 Total molecule-molecule interaction energies E tot (i,j), as well as lattice energies, E latt , were estimated by means of the PIXEL method, which also allows to partition them into Coulomb (E c ), polarization (E p ), dispersion (E d ) and repulsion (E r ) contributions. The method is based on interacting molecular charge densities, which were computed at the MP2/6-31G(p,d) level of theory by means of the Gaussian09 program package. 24 Quantum simulations were performed throughout without imposing any symmetry constraint. Gaussian09 was also employed to estimate the energy barrier for the interconversion between the BC and CB conformers. To this end, transition state optimizations were carried out in the gas phase through the Intrinsic Reaction Coordinate (IRC) method 25 using the Minnesota-class functional M06, 26 in conjunction with the triple zeta 6-311G(p,d) basis set. The vibrational zero-point correction was applied to all the energies corresponding to refined geometries, including those of transition states. Figure S1 , ESI) and the thermal expansion coefficients are nearly identical, ~ 1.6·10 -4 K -1 (phase ) and 2.2·10 -4 K -1 (phase ). Our theoretical analyses have been conducted using the low-T  phase determination at 278 K and the high-T  phase determination at 298 K, both ordered and defect free, having a comparable degree of R-factor accuracy and thus representing the two phases separated by a good temperature gap and excluding any inter-phase contamination. The distances between centers of mass of the cations are identical (see below), and it is therefore tempting to superimpose the two panels of Figure 2 as naively suggesting a simple rationalization for the transition with cations holding their place in a rigid lattice.
Results and Discussion
A more in-depth analysis ( Figure 3 ) shows that such a mechanism would require in fact (i) a chirality switch of every second molecule by ring inversion between the two boat-chair forms of the enantiomers, plus (ii) a molecular rotation by 180° around an axis roughly perpendicular to the mean plane of the ring and (iii) a notable change in the orientation of the anions. Point (iii) may be plausible considering easy rotation of the nearly globular anions, but points (i) and (ii) may involve substantial transition barriers. Each of these points will be analyzed in detail in the following. 
Quantitative energy analysis
The lattice energies were calculated for both forms at several temperatures by the PIXEL formalism. In that approach the long-range Columbic terms are convergent because lattice summations are carried out on overall neutral units (ion pairs). Phase stability differences should be judged by free energies, which are not within reach of intermolecular energy calculations. However, in an encouraging result, although with reservations about absolute values, the calculation gives the β-phase as significantly more stable in terms of energies required to pack an ion pair (Table 2) . Even a simple atom-atom, point-charge calculation by the AA-CLP scheme gives the same qualitative indication.
Total energies are scarcely sensitive to the temperature of the X-ray determination due to the well known compensation between the parallel increases of dispersion stabilization and overlap repulsion, both short-range terms, as density decreases and molecules come closer together. Further insight into relative stabilities can be gained by an analysis of separate contributions to the noncovalent interaction. As expected in organic salts, 13 the Coulombic term is largely predominating and accounts alone for the energy difference between phases. For the rest, the above mentioned compensation between polarization-dispersion and repulsion is also at work, in connection with the lower density of the -phase. The contact energies, E i,j cont , between pairs of ions in the two crystal structures are calculated in the usual [27] [28] [29] [30] PIXEL setup for all anion-anion, anion-cation and cation-cation pairs. These energies and their separate contribution terms give a close insight into crystal organization and a quantitative estimate of true similarities and differences. If total contact energies were identical by chance, such a misleading indication would be unmasked by a comparison of a set of four numbers. Quite obviously, Coulombic interaction energies between singled-out ions are strongly destabilizing between units of same charge and strongly stabilizing for units of opposite charge; the simple fact that the Coulombic energy between two one-electron charge is 1389.5/R ij kJ·mol -1 explains the both the predominance and the long-range nature of these interactions. On the other hand, dispersion energy terms are non-zero only for very first-neighbor interactions, and are one order of magnitude smaller than Coulombic terms. Table 3 . Comparison of center-of-mass distances (d COM , Å) and total molecule-molecule interaction energies E tot (i,j) (kJ·mol -1 ) in the ac plane manifolds for the two phases (Figures 2-3 ). For each molecular pair, the second partner is transformed by the indicated symmetry operation. See Table S1 ESI for full energy partition of interaction energies. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 We first analyze the surprising similarity of the layer structures shown in Figures 3-4 . Cationcation and anion-anion R's and E i,j 's (Table 3 ) along the glide reflection and along the translation displacements in the ac plane are identical after the interchange in the two phases, in spite of the change of symmetry, chirality and orientation. However, cation-anion arrangements are quite different.
Thus, the ac-plane manifolds that appear very nearly identical in the two structures on visual examination, or even judging from the similarity of center-of-mass separations, in fact conceal a number of very different intermolecular contact energies. This result once again underscores the need for quantitative energetic considerations in judging packing similarities or differences.
Out of the ac plane the two structures also present a striking similarity (see the last entries in Table 3 ), with identical cation-cation translations along b and screw-related pairs also along b in P2 1 /a and P2 1 /c. Table 4 shows the contact energies of the three most stabilizing cation-anion contact in the two phases, as shown in Figure 5 . The A-B contact is nearly identical in the two phases but the other two show only a broad geometrical and energetic similarity. Negative oxygens tend to cluster around positive methylene hydrogen regions in both phases; an overall view of the comparison between the two phases is provided by a complete plot of molecule-molecule contact energies against center-ofmass distance, including all symmetry-related pairs. Figure 4) . Tables 2-3 . The cation-cation pattern shows the previously mentioned similarities but also points out a region of dissimilarity in the 7-8 Å range. Interestingly, a large shape effect appears, because the electron density of the cation is far from a spherical distribution: in fact, the short-distance range is less repulsive than the medium-distance range, thanks to partially stabilizing effects due to the distribution of positive nuclear and negative electron charges. The two closest anionanion contacts are almost identical in the two phases and then the pattern merges into a distribution strictly coincident with Coulomb's law for a spherical ion. 14 Page 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 is exactly what it is expected in organic salts. 14 
Molecular rotations in the crystal
Some simple computer experiments probe of the ease of molecular reorientation for cations, even in a rigid lattice. A crystal slab made of 192 anion-cation pairs was prepared from the crystal structure of the alpha phase at 278 K by 4x4x3 repetitions of the unit cell. A Monte Carlo procedure involving rigid molecules, whose position is described by center-of-mass vectors and three angles of orientation in the inertial molecular reference system was then applied. 31, 32 In a first experiment, one cation molecule at the center of the crystal box is manually reoriented from 0 to 180° in steps of 30° around the main inertial axis, roughly coinciding with the normal to the mean molecular plane of the cation ( Figure 6 shows the effect of the 180° reorientation on a sample box without anions). The lattice energy is then calculated for the crystal including the central defect by atom-atom intermolecular potentials. When no relaxation is allowed, an intermolecular energy barrier 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 of 9 kJ mol -1 develops around 90° rotation, but if a short 10 kstep MC relaxation is allowed, the barrier vanishes. This demonstrates that the globular cations can reorient quite easily even within an almost stationary lattice. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 
Ring flipping
The possibility of cation ring pseudorotation is crucial to subsequent discussions of the transition mechanism. This point therefore requires more consideration by a survey of available experimental and theoretical evidence. a) Static evidence. Cyclooctane itself shows a total of 10 different conformations (see Figure S2 ESI) 33 although MM, DFT and ab initio MO calculations found that just four conformers are stable and populated in the gas phase (boat-chair, BC; twist boat-chair, TBC; twist chair-chair, TCC and crown, CR). 34 The other forms (boat-boat, BB; twist-boat, TB; twist chair, TC and chair-chair, CC) represent either unstable or high-energy conformations. Chair (C) and boat (B) conformers correspond to transition states. The conformational adaptability of a cyclooctane ring in crystals has been studied by B3LYP/6-31+G* theoretical calculations, 33 finding energy differences of the order of 1-10 kJ mol -1 .
The BC-Crown energy difference has been estimated at 6 kJ mol -1 by high level quantum chemistry calculations. 34 All conformers can be divided in four easily interconvertible families. 35, 36 A conformational exchange occurs by pseudorotation within a family but only by inversion among families with a higher energy barrier. 36 The theoretical results agree with crystallographic evidence in confirming that BC is the dominant conformer. Statistical analysis of other classes of compounds, including substituted carbocycles, C-ring with endo-or exo-double bonds, heterocycles, etc. reveals that conformational preferences in the solid state are the same for chemically modified 8-ring systems, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 although with some deformations. 37 Excluding bridged or very complex ring systems, deviation from the BC conformer was mostly observed in extended fused-rings or for unsaturated and multiple heterosubstituted rings. Needless to say, crystal packing effects can affect the relative stability of the conformers in the crystal structures. b) Dynamic evidence. Solid-state conformational changes in ring systems have been characterized by NMR, spectroscopic and crystallographic methods. A rapid conformational exchange has been detected by NMR in pefluorocyclo-octane in solution at room T. 38 Orientational and conformational disorder in a liquid-like cyclooctane included in thiourea crystals has been reported, 39 while the dynamic nature of the ring flip (half-ring inversion from BB to TCC conformation) in ammonium salts of nefopam has been characterized by CPMAS-NMR and variable-T diffraction measurements. 40 c) Computational evidence. Our in vacuo quantum simulations (Figure 8 ) confirm that the two resulting enantiomeric boat-chair conformations are perfectly equivalent, with electronic energies differing by less than 1.0 kJ·mol -1 (Table S2 ESI Table S3 ESI). Likely, these distortions are responsible for the high kinetic barriers associated to transition states TS1 and TS3 (Figure 8 ), as the latter imply longer (weakened) C-C bonds, in conjunction with large deviations from ideal sp 3 geometries of the methylene groups. Also steric effects might play a role, as in TS1 and TS3 hydrogen atoms of adjacent CH 2 moieties are forced into an almost eclipsed arrangements. Interestingly, the geometry of the transannular NH···O hydrogen bond is poorly affected: the H···O distance undergoes a slight average decrease, from 1.57 Å to 1.56 Å, on going from either the BC or the CB state to the closest transition saddle point, TS1 or TS3. Then, it is lengthened, on average by ~ 0.06 Å, when the ring achieves either the CR or CR' crown conformation (Figure S3a ESI) . The corresponding maximum distortions of the S-H-O angle, however, are smaller than 3.5 deg (Table S3 ESI) . This suggests that the transannular hydrogen bond is strong enough to be conserved throughout the conformational rearrangement. Therefore, it is reasonable to assume that it prevents TACO from exploiting the full conformational flexibility observed in cyclooctane, contributing to increase the kinetic barrier of the pseudorotation process.
Some experimental evidence suggests that conformational interchanges of medium-size rings probably occur by stepwise mechanisms rather than via synchronized changes involving the whole cycle. [40] [41] [42] Our gas-phase findings agree with such a model: the ring inversion in TACO is achieved through a two-step mechanism, each of which implies the inversion of a half of the cycle at a time. The latter is obtained through a step-by-step displacement of a pair of -CH 2 -groups across the main ring plane. 43, 44 Moreover, the high-energy minima CR and CR' could account for the possible occurring of a metastable crystal structure somewhat intermediate between the  and  polymorphs, whose existence was claimed in the past by Paul and co-workers. 12 However, considering the kinetics of the whole process (see Figure 8 and Conclusions below), such a structure, if exists, should be just a transient one, and we expect that it could be hardly isolated. 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Our computational analysis has pinpointed a number of relevant facts in the polymorphic equilibrium of TACO, revealing the subtle energy differences that characterize the two phases.
Conclusions
However, one is now faced with the key question: what is the molecular-level mechanism of the TACO polymorphic transformation?
At one extreme of the range of possibilities, the phase change may occur by complete disruption of the crystal structure of the mother phase into a bulk liquid, possibly starting at defects, and successive recrystallization of the daughter phase. In such a scenario, the phase change can be regarded as a sort of pre-melting feature. Our results show that molecular rotations at or about the temperature of the phase transition are relatively easy, the anion being almost perfectly spherical and the cation being also close to a globular shape. Translational diffusion may also be relatively unhampered for the same reasons. However, some experimental evidence stands against this picture for the TACO case: there is no sign of Bragg diffraction breakdown near the transformation temperature; and the transformation is easily reversible. [11] [12] [13] At the other extreme of the transformation landscape, much more attractive, if still puzzling, would be a thoroughly on-site process, as suggested by Figures 2, 3 and 6, involving in every second cation molecule only minor displacements of the centers of mass, with 180° molecular rotation, along with a conformational flip of the boat-chair ring with chirality switch, and with anions following suit.
Several pieces of our computational evidence have a say on this proposed model. a) Although the difference in total lattice energy between polymorphs is very small, partitioned molecule-molecule energies show that the rearrangement involves a number of surprising retentions of interaction, but also that quite a few molecule-molecule contacts undergo a substantial energetic change in the local environment, as seen in Table 3 and Figure 5a . Therefore the picture shown in Figure 2 apparently suggesting an almost superimposable pattern of the two structures, is in good part misleading, as usually are inferences based only on geometry without supporting quantitative evidence. b) Molecular simulation shows that the globular cations can undergo rotational or translational diffusion with only minor energy penalty. The packing of nearly spherical anions should be scarcely structure-or orientation-selective (Figures 2-4) , and such spherical shapes should also be scarcely selective against anion-cation interaction. Molecular mobility must be rather high and in this respect the on-site phase change mechanism seems accessible. Partly countering this conclusion is the fact that no unusual behavior of atomic displacement parameters from Xray diffraction seems to occur near the transition temperature. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 c) The sulfinyl (S=O) group forms a strong intramolecular 1,5-transannular hydrogen bond with the protonated nitrogen atom (Figure 1) , making the molecule almost a bridged species in what seems to be a hinge effect against full conformational flexibility. This effect stabilizes both BC and crown conformers, but as a result, quantum calculations show that flipping of the eight-membered ring is hampered by a rather substantial barrier of 45 kJ mol -1 , high enough against 3RT to quench a pseudorotation. The result refers to a gas-phase molecule, but an assist from the intermolecular field in lowering this barrier seems rather unlikely.
In conclusion, the present computational evidences imply that a site-by-site mechanism, where conformational changes of cations occur in conjunction with very easy rotations of both the ions, seems to be preferred. Even though from a thermodynamic viewpoint the  and  polymorphs of TACO are nearly isoenergetic (Table 2) , the phase transition implies a substantial redistribution of the moleculemolecule interaction energies ( Figure 5 , Table 3 ), where both Coulomb repulsive and attractive terms undergo changes up to several hundreds of kJ·mol -1 . In this scenario, it seems quite reasonable that the kinetic cost of the BCCR conformational change across the  transition could be paid by relieving some Coulomb repulsions among neighboring cations. Then, an almost identical amount of energy is released upon the subsequent crown/boat-chair conversion (Figure 8 ) and it eventually does not appear in the overall thermodynamic balance. Upon warming, the structural change can be inverted once the energy necessary to overcome the inverse kinetic barrier is provided by an external source.
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